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(57) ABSTRACT

An article having low ac loss includes an elongated substrate
having a length and a width; and a plurality of filaments
comprising an oxide superconductor extending substantially
along the length of the elongated substrate and spaced apart
from one other filaments across the width of the elongated
substrate, wherein at least one filament crosses over at least
one other filament such that the at least one filament occu-
pies a first position across the width of the elongated
substrate before the crossover and a second position across
the width of the elongated substrate after crossover.

1120

N\

b B
-
.:"-.:j." ‘.r

- "
[ . “I.
_ . an L
PEEE T
- B - -
RO .
‘ait.
Al ] :
w . LT S :
NP AT A RS
: Tl P SR T g ey
T N LY S fata g i :.’:r._ [
Tyt St b,
Py PR
RNy - A ';;: iy __._' ._-.":'I_
Hy g o s
P TREEL "o ko
b . - W oweom ! o =T
£y - [ . W
. L ] . s - ':
3 1
B o
e C Bt

YECO Reaclion with
-Kanggod Dispersion




Patent Application Publication Feb. 23, 2006 Sheet 1 of 11 US 2006/0040830 Al

13

12

11

Figure 1



Patent Application Publication Feb. 23, 2006 Sheet 2 of 11 US 2006/0040830 Al




Patent Application Publication Feb. 23, 2006 Sheet 3 of 11 US 2006/0040830 Al

':.::II_EE 1 [ .:r_ . - }
b T L T Y R

" o .i';j:_:

; B e A
s i
CETE L
J,.J":

Barrier Vo

C. E. Oberly, L. Long, G. L. Rhoads and W. J. Carr Jr, Cryogenics, 41, 117-124 (2001).

Figure 3



Patent Application Publication Feb. 23, 2006 Sheet 4 of 11

gt X,
]

T
£y e
T
LRy
-
s Zr
! ot
----- AN

Lo

........

US 2006/0040830 A1

400
-

— 420

FIGURE 4

AL
R

i,

— 420

— 420

420

— 420




Patent Application Publication Feb. 23, 2006 Sheet 5 of 11 US 2006/0040830 Al

540 540 540 540
420 / 420 420, 420 , 420

400
: :

FIGURE 5C

420 420 540 550

WO e Y

A I B | CJ] D- 20

400

\

4104 | 10
FIGURE 5B
530
420 420 420 420 420
(¢
. B D1 E ] s

FIGURE 5A



Patent Application Publication Feb. 23, 2006 Sheet 6 of 11 US 2006/0040830 Al

d

T o H ] " .::- --= .'.- .I-
- A, : . 5 o At o S i n - For e 13
- R, t '.! .E_ ! r v L S - L
" : # ey : i . . . )
I [Ty PR
1
} Lo T b S - -
s bl Rl P TO— -
h o o) - . v i = "

e,

- .‘I'\.'\.
p AF T :
:l : (R R LI DL LRl LELL )
d‘-.i_g T = s Jeah A -
. :
. .
* N _
?
e ’ =
- v e : :
- - R
3 : S
1 - =
- I .
- oy =
- 1:_:.
. ] i
\ Py ] » e . [ - e : [ ] 1y B
: i ‘ o A S RS § g S
\ i | ks et : 3

al | cI

FIGURE ©



Patent Application Publication Feb. 23, 2006 Sheet 7 of 11 US 2006/0040830 A1
D
o0 60 &0 620
AN AT g
- 710
FIGURE 7C
740 920 740
600 - 620
AN Tc T 20
610 710
FIGURE 7B
730
620 620 620 620 | 620
00 /
\\IEIHEIIIEIII]HIEI 20

FIGURE 7A



Patent Application Publication Feb. 23, 2006 Sheet 8 of 11 US 2006/0040830 Al

801
.............................................................. /_--__......_.._.._.._.._\ ’!.-....-__.._.._.._..
301 * X
....................... f “
- Y A ’!’ _______ S N —\
8 0 1 — . / ’f ﬁ
N o ST g —
\ /
.’\ ’
B _/' \\ __________________ ,f’
801 ..................................................

FIGURE 8



Patent Application Publication Feb. 23, 2006 Sheet 9 of 11 US 2006/0040830 Al

900

902 904b 210




Patent Application Publication Feb. 23, 2006 Sheet 10 of 11 US 2006/0040830 A1

1000

\ 1060
1020

1040

Figure 10



Patent Application Publication Feb. 23, 2006 Sheet 11 of 11 US 2006/0040830 Al

- & P g, Wl e
- DR e

- &= YBCO Precursor Precutsor YBCO Reaction with
| Coating - | Qecomposition - - Nanodot Dispersion




US 2006/0040330 Al

LOW AC LOSS FILAMENTARY COATED
SUPERCONDUCTORS

RELATED APPLICATIONS

[0001] This application claims the benefit of priority under
35 U.S.C. § 119(e) from copending U.S. Application Ser.
No. 60/603,202, filed Aug. 20, 2004, and entitled “Dropwise
Deposition Of A Patterned Oxide Superconductor,” which 1s
hereby incorporated 1n its entirety by reference.

[0002] This application is related to copending applica-
tions U.S. application Ser. No. TBD, filed on event
date herewith and entitled “Dropwise Deposition Of A
Patterned Oxide Superconductor” and U.S. application Ser.
No. TBD, filed on event date herewith and entitled
“Stacked Filamentary Coated Superconductors,” which are
hereby incorporated by reference.

BACKGROUND
0003] 1. Field of the Invention

0004] This invention relates to filamentary multilayer
superconductor articles. The 1nvention also relates to super-
conductor articles suitable for use in alternating current (ac)
and time varying magnetic field applications.

0005] 2. Background of the Invention

0006] Since the discovery of high-temperature supercon-
ducting (HTS) materials (superconducting above the liquid
nitrogen temperature of 77 K) there have been efforts to
develop various engineering applications using such HTS
materials. In thin film superconductor devices and wires,
significant progress has been made with fabrication of
devices utilizing an oxide superconductor including yttrium,
bartum, copper and oxygen 1n the well-known basic com-
position of YBa,Cu;0,__ (hereinafter referred to as
“YBCO”). Biaxially textured superconducting metal oxides,
such as YBCO, have achieved high critical current densities
i a coated conductor architecture, often referred to as
second generation HTS wires, or a “coated conductor.” The
expression “HTS wire” indicates a HT'S conductor with the
attributes that make it useful for the construction of a
superconducting device; its cross-sectional geometry can
vary from tape-like to round.

[0007] Typically, second generation HTS wires 10 include
a metal substrate 11, buffer layer(s) 12, and an active layer
13, e.g., a superconductor, as illustrated 1n FI1G. 1. The metal
substrate, such as N1, Ag, or N1 alloys, provides flexibility
for the article and can be fabricated over long lengths and
large areas. The buffer layer(s) consists of metal oxide
layers, such as LaAlO,, Y,O,, CeO,, or yttria-stabilized
zirconia (YSZ); it makes up the next layer and serves as a
chemical barrier layer between the metal substrate and the
active layer. The buffer layer(s) reduces oxidation of the
substrate and also reduces the diffusion of chemical species
between the substrate and the superconductor layer. More-
over, the buffer layer(s) can have a coefficient of thermal
expansion that 1s well matched with the superconductor
material.

|0008] To achieve high critical current densities in the
wire, the superconducting material has a sharp biaxial tex-
ture. As used herein, “biaxially textured” refers to a surface
for which the crystal grains are in close alignment with a
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direction 1n the plane of the surface and a direction perpen-
dicular to the surface. One type of biaxially textured surface
1s a cube textured surface, in which the crystal grains are also
in close alignment with a direction perpendicular to the
surface. Cube textured metal foils such as N1 or N1 alloys can
serve as a substrate for high quality HTS wires.

[0009] When using a cube textured substrate the buffer
layer 1s an epitaxial layer, that 1s, 1ts crystallographic orien-
tation 1s directly related to the crystallographic orientation of
the substrate surface onto which the buifer layer 1s depos-
ited. For example, 1n a multi-layer superconductor having a
substrate, an epitaxial buffer layer and an epitaxial layer of
superconductor material, the crystallographic orientation of
the surface of the buffer layer 1s directly related to the
crystallographic orientation of the surface of the substrate,
and the crystallographic orientation of the layer of super-
conductor material 1s directly related to the crystallographic
orientation of the surface of the buffer layer.

[0010] Second generation HTS wire can be incorporated
into a variety of devices for many applications, including
cables, motors, generators, synchronous condensers, trans-
formers, current limiters, and magnet systems. The i1ncor-
poration of second generation superconducting YBCO wires
into such devices provides the opportunity to dramatically
reduce the device cooling requirements, thus enabling the
development of lightweight, compact, high-power sources.
Currently a wide, e.g., several millimeters, tape configura-
fion 1s used to reach practical electrical currents.

[0011] Many potential applications for HTS wires involve
operating the superconductor in the presence of ramped
magnetic or oscillating magnetic fields, or require that the
HTS wire carry alternating current. In the presence of
fime-varying magnetic fields or currents, there are a variety
of mechanisms that give rise to energy dissipation, herein-
after referred to as “ac losses.” Although second generation
HTS wire 1s currently suitable for many types of electric
power devices, including power transmission cables and
rotor sections of motors, the ac losses from the current HTS
wires are too high for use 1n demanding HT'S applications in
which the alternating magnetic fields have a higher ampli-
tude or frequency. The use of an HTS wire with greatly
reduced ac losses would enhance the application of these
wires 1n a great variety of novel, HTS-based devices.

[0012] There are a number of factors contributing to the
total ac loss 1n a superconducting wire, such as supercon-
ducting properties and dimensions of the superconducting
oxide film, and the electrical and magnetic properties of the
metal constituents of the conductor. A major contributor to
the ac losses 1s so-called hysteretic losses in the supercon-
ducting oxide film caused by an oscillating external mag-
netic field. This loss contribution is proportional to the film
width as seen by the magnetic field direction, and 1s there-
fore greatest when the magnetic field 1s perpendicular to the
film surface, or when the alternating magnetic field has a
large perpendicular component. For current HTS supercon-
ductor widths even a moderate ac frequency and magnetic
field perpendicular to the superconducting film plane can
produce very large ac losses. It has been proposed to divide
an oxide superconducting film into narrow {ilaments to
suppress ac loss i a superconducting oxide thin film.

[0013] FIG. 2A is a perspective view of a portion of a
coated conductor article in which the superconducting film
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1s arranged as a thin filament array. The multilayer article 20
includes a metal substrate 21 having a textured surface and
epitaxially grown buffer layer(s) 22. Such textured bases
have been previously described. A RABITS™ (rolling-
assisted, biaxially textured substrates) textured template is
typically used. A RABITS™ substrate 1s a roll-textured and
annealed metal tape, e.g., nickel or nickel alloy such as NiW
with a sharp cube texture, covered 1n an epitaxial manner
with one or more oxide or metal buffer or conditioning
layers. Another variation used to prepare the textured tem-
plate 1s 10n beam assisted deposition or IBAD. The resulting,
textured base serves as a template for the HTS compound,
e.g., yttrium-barium-copper-oxide (YBCO). Superconduc-
tor filaments 23 run substantially continuously along the
length of the base to form an array of substantially parallel
filaments. The superconducting {ilaments are crystallo-
oraphically oriented and typically exhibit biaxial texture.

SUMMARY OF THE INVENTION

[0014] In one aspect, the present invention provides low
ac loss filamentary coated superconductors.

[0015] In one aspect of the invention, an article includes
an elongated substrate having a textured surface and having
a length and a width, and a plurality of filaments including
an oxide superconductor extending substantially along the
length of the elongated substrate and spaced apart from one
other filaments across the width of the elongated substrate.
At least one filament crosses over at least one other filament
such that the at least one filament occupies a first position
across the width of the elongated substrate before the
crossover and a second position across the width of the
clongated substrate after crossover.

[0016] In one or more embodiments, the at least one
filament 1s separated from the other filament at least at the
location of crossover by an insulating or poorly conductive
or medium to high resistivity material. The medium to high
resistivity material can be selected from the group consisting
of copper-nickel alloy, nickel alloys and stainless steel.

[0017] In one or more embodiments, multiple filaments
cross over at least one other filament to form multiple
crossover locations along the length of the elongated sub-
strate.

[0018] In one or more embodiments, the article includes
about 2 to about 100 filaments, and for example, the fila-
ments have a width of about 50 to 1000 um.

[0019] In one or more embodiments, the space between
adjacent filaments 1s 1 the range of about 10 um to about
100 um, and the space between adjacent filaments can be an
insulating or poorly conducting or medium to high resistiv-
ity material, and for example, the medium to high resistivity
material 1s selected from the group consisting of copper-
nickel alloy, nickel alloys and stainless steel, and for
example, the poorly conductive material comprises amor-
phous rare earth-alkaline earth copper oxide or a conductive
metal oxide.

[0020] In one or more embodiments, the distance along
the length of the article between neighboring crossover
locations 1s 1n the range of about 0.005 m to about 100, or
about 0.2 m to about 10 m.

10021] In one or more embodiments, a filament at a lower
filament position at a lower edge of the elongated substrate

Feb. 23, 2006

crosses over the plurality of filaments and 1s directed to a top
filament position at an upper edge of the elongated substrate,
and the remaining filaments are shifted 1n the opposite
direction across the width of the elongated substrate by
about one filament position, and for example, the filaments
shift 1s repeated periodically along the length of the elon-
gated substrate.

[0022] In one or more embodiments, a pair of filaments
exchange filament positions during crossover, or for
example, multiple filament pairs exchange filament posi-
tions periodically along the length of the elongated sub-
strate.

[0023] In one or more embodiments, the filaments are
fully transposed, or the filaments are partially transposed, or
the filaments are located substantially in the same layer.

[0024] In one or more embodiments, the crossover
includes a conductive crossover bridge electrically connect-
ing the at least one filament between its first and second
position, and for example, the bridge 1s a superconductor or
a normal conductor, or the bridge 1mncludes a composite strip
comprising a normal conductor layer and an insulating or
high resistivity layer.

[0025] In one or more embodiments, the superconducting
component of the filament 1s discontinuous and the ends of
the discontinuous superconductor filament are joined by a
conductive crossover bridge, and for example, the bridge 1s
in electrical contact with the discontinuous superconductor
filament. The bridge can be bonded to each end of the

discontinuous filament, and for example, the bond comprises
a solder or a weld.

[0026] The article of claim 1, further comprising a cap
layer disposed over the plurality of filaments.

[0027] In one or more embodiments, the article further
includes a stabilizer layer disposed on the cap layer.

[0028] In another aspect of the invention, an article
includes an elongated substrate having a length and a width,
and a plurality of filaments comprising an oxide supercon-
ductor extending substantially along the length of the elon-
gated substrate and spaced apart from one another across the
width of the elongated substrate. The plurality of filaments
1s periodically shifted in the same direction across the width
of the elongated substrate by about one filament width and
whereln a filament at a lower edge of the elongated substrate
1s directed to a top filament position at an upper edge of the
clongated substrate through a conductive bridge.

[10029] In one or more embodiments, the superconducting
component of the filament 1s discontinuous and the ends of
the discontinuous superconductor filament are joined by a
conductive bridge.

[0030] In one or more embodiments, the article further
includes a cap layer disposed over the plurality of filaments,
and the article further can include a stabilizer layer disposed
above the cap layer.

[0031] In another aspect of the invention, a method of
making a multifilamentary article 1s provided. The method
includes providing a layer of oxide superconductor or pre-
cursor thereof on a substrate, treating the layer to form
filaments, wherein at least one of the filaments 1s discon-
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tinuous, and joining the ends of the discontinuous filament
using a conducting crossover bridge.

[0032] In one or more embodiments, the bridge includes a
composite strip comprising a normal conductor layer and an
insulating or high resistivity layer, and the bridge i1s 1in
clectrical contact with the discontinuous superconductor
filament. The bridge can be bonded to each end of the
discontinuous filament, for example, by solder or a weld.

BRIEF DESCRIPTION OF THE DRAWING

[0033] The invention is described with reference to the
following figures, which are presented for the purpose of
illustration only and which are not intended to be limiting of
the mvention and 1n which like elements are indicated by the
like numbers 1n all the figures.

10034] FIG. 1 is a cross-sectional view of a typical super-
conductor article.

10035] FIG. 2A is a perspective view of a coated conduc-
tor article, in which the YBCO film 1s arranged as a thin
filament array; and FIG. 2B 1s a cross-sectional view of a
coated conductor article, mm which the YBCO film 1s
arranged as a thin filament array, with a common stabilizer
layer.

10036] FIG. 3 is a schematic illustration of a twisted
coated conductor with minimized ac loss.

10037] FIG. 4 1s a top view of a low ac loss multifila-

mentary superconductor article illustrating periodic cross-
over of the filaments.

[0038] FIG. 5A is a cross-sectional view of the supercon-
ductor article of FIG. 4 taken at line Sa-54'; FIG. SB 1s a

cross-sectional view of the superconductor article of FI1G. 4
taken at line $H-5b"; and FIG. SC 1s a cross-sectional view

of the superconductor article of FIG. 4 taken at line Sc-5¢’;

10039] FIG. 6 1s a top view of a low ac loss multifila-
mentary superconductor article illustrating periodic cross-
over of the filaments.

10040] FIG. 7A is a cross-sectional view of the supercon-
ductor article of FIG. 6 taken at line 7a-7a"; FIG. 7B 1s a

cross-sectional view of the superconductor article of FIG. 6
taken at line 7b-7b'"; and FI1G. 7C 1s a cross-sectional view
of the superconductor article of F1G. 6 taken at line 7c-7¢’;

10041] FIG. 8 is a schematic illustration of filament pat-
terns having a periodic crossover of superconducting fila-
ments.

10042] FIG. 9is a top view of two filaments at a crossover
location demonstrating the use of a conducting bridge.

10043] FIG. 10 is a top view of a filamentary article
illustrating conductive links 1n the gap between filaments.

10044] FIG. 11 is a schematic illustration of a system and
process used to prepare a textured, patterned oxide super-
conductor wire according to one or more embodiments of
the present mvention.

DETAILED DESCRIPTION

10045] Single superconductor layers can be patterned into
multiple filaments to reduce local ac losses. Short sample
testing shows a reduction 1n ac loss proportional to the
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reduction in conductor or filament width. In principle the
filaments can be electrically 1solated from each other and the
absence of a conductive path would strongly reduce so-
called mterfilamentary coupling losses. However, there are
several considerations that make this approach less practical.
Even 1f a “perfect” conductor could be manufactured and
patterned, the ends would still need to be soldered to the
current injection points and filaments would be shorted. This
would allow the formation of giant current loops through
these ends.

[0046] Second generation HTS wire production is based
on a variety of continuous reel-to-reel thin film deposition
techniques, practiced over very long lengths as supercon-
ducting wires are needed in piece lengths that can reach
1000 meters. Small defects can locally disrupt current trans-
fer, and their effect becomes more serious when the con-
ductor width 1s reduced. In narrow filaments of, for example,
100 micrometer width, small defects can potentially seri-
ously disrupt local current transfer and render the conductor
useless when used 1n long lengths. A certain degree of
current sharing capability between filaments 1s therefore
desired to mitigate the effect of these small defects, allowing
currents an alternative path in case of an occasional local
current constriction.

[0047] A common stabilizer layer which is located on top
of the superconducting filaments and which electrically
connects the filaments can offer such a current sharing path.
FIG. 2B illustrates a thin filament array 23 having a com-
mon stabilizer layer 25. The prime function of the stabilizer
1s to enhance the mechanical and electrical stability of the
superconductor and offer a current path 1n along the length
of the conductor in case of a local critical current depression.
If used as a common stabilizer connecting individual fila-
ments the electrical resistivity must be selected with care.
Perpendicular alternating magnetic fields will cause circu-
lating currents to pass through the superconductor filaments
and perpendicular to the current direction, through the
stabilizer to the next filament. When the loops become
longer, currents through the normal conducting stabilizer
will increase and the advantage of the filamentization 1s lost:
the conductor has fully coupled filaments and losses can
even exceed a conductor with a single, non-filamentized
superconducting layer.

[0048] An effective way to reduce the interfilamentary
coupling losses 1s to select a stabilizer with enhanced
clectrical resistivity, and twist the superconducting wire.
Both approaches have been used successfully in low tem-
perature superconducting wires such as niobium-titanium
wire. Twisting these small diameter round wires with a
ductile superconductor 1s relatively easy. The thin filament
arrays 23 of coated conductor 20 can in principle also be
twisted to reduce coupling losses, as 1s illustrated in FIG. 3.
The twist pitch must be long 1n order to avoid an unaccept-
able level of mechanical strain in the wire. Even low-strain
twisting of less than 0.1% 1s difficult to accomplish and the
twist pitch 1s very long, at the very least an order of
magnitude higher than 1 low temperature superconductors,
thereby limiting its effectiveness 1n reducing ac loss. Build-
ing a magnet using a twisted tape poses challenges as well,
and uses the available space less effectively, thereby reduc-
ing the energy density of the device in a negative manner.

[0049] In one aspect of the invention, a low ac loss HTS
coated conductor wire contains a number of parallel current
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path along the length of the wire having transpositions of the
parallel paths, e.g., filament crossovers, at selected points.
The parallel current paths are substantially electrically insu-
lated from one another along the wire length, are transposed
at selected points while retaining their electrical isolation,
and are electrically connected to one another at the ends of
the length of wire. In other embodiments, the filaments share
current through a common stabilizer.

[0050] An exemplary superconducting article having
reduced ac losses includes a wire having a textured surface
and an array of superconducting oxide filaments extending
substantially continuously along the length of the textured
surface of the wire, wherein the filaments are substantially
clectrically and/or physically 1solated from one another
along their length. Periodic connections between adjacent
filaments can be provided, however, to enhance current
continuity from filament to filament and to offset defects that
periodically arise 1n the superconducting material. Alterna-
tively, the filaments are connected through a stabilizer layer
bonded to the top of the filaments, with sufficient electrical
resistivity to reduce 1nter_1lamentary coupling losses to an
accepted level. The filaments are spaced apart from one
another across the width of the elongated substrate and are
patterned or arranged so that a filament periodically shifts
across the width of the surface by one or more filament
positions. The shifted filament crosses over at least one other
filament to transpose the filaments and reduce the ac losses
in long lengths of HTS coated wired without the need for
twisting the wires. The filaments can be located substantially
within the same plane or layer of the coated conductor (with
the exception of the crossover).

[0051] By “crossover” it is meant that a filament shifts its
position so as to pass from one side of a second filament to
the other. The second filament may be stationary or it may
also be shifted during crossover.

[0052] By “transposed” it 1s meant the transfer of one
filament from an 1nitial position into a position formerly
occupied by another filament, where filament positions are
defined as locations (coordinates) across the width of elon-
cgated substrate. The filament can shift positions, as exem-
plified in FIGS. 4 and 5, or a pair of filaments can exchange
positions as exemplified 1n FIGS. 6 and 7. An article can be
“fully transposed,” by which 1s meant that each filament
successively and repeatedly takes on every possible position
on the elongated substrate 1n an equal manner. An article can
be “partially transposed,” by which 1s meant any filament
coniliguration 1n which at least one filament takes on at least
one other filament position on the elongated substrate. It 1s
not required that all filaments take on multiple positions on
the elongated filament or that they take on all positions on
the elongated filament.

[0053] In one embodiment, a low ac loss wire includes
fully transposed filaments, that 1s, each filament occupies
every fllament position 1n the article. FI1G. 4 1s a top view of
a low ac loss multifilamentary coated HTS article 400. F1G.
SA-5C illustrate cross-sectional views of article 400 taken at
lines 35a-5a', 5b-5b" and 5c¢'-3¢', respectively. The coated
article 400 includes a base 410 and an array of supercon-
ducting filaments 420 extending substantially continuously
along the length of the article. For the purposes of illustra-
tion, the article includes five (5) filaments, however, any
number of filaments may be used 1n practice. As indicated in
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FIGS. 5A-5C, the base 410 of the article 400 includes a

metal substrate 510 having a textured surface and epitaxially
grown buffer layer(s) 520. Such textured bases have been
previously described. A RABIiTS™ (rolling-assisted, biaxi-
ally textured substrates) textured template is typically used.
A RAB1TS™ substrate 1s a roll-textured and annealed metal
tape, €.g., nickel, covered with one or more oxide or metal
buffer or conditioning layers. Another variation used to
prepare the textured template 1s 10n beam assisted deposition
or IBAD. Examples of buffer layer materials include metals
and metal oxides, such as silver, nickel, MgO, Al,O,, GaO_,

rare earth oxides such as 1b,0, Gd,O;, CeO,, Y,O,, ternary
compounds such as yttria-stabilized zirconia (YSZ),
LaAlO;, SrTi0,, LaNiO,, LaCuOB, SrRu0O;, NdGaO.,,
NdAIO and nitrides as known 1n the art. The resulting
textured base serves as a template for the HT'S compound,
e.g., yitrium-barium-copper-oxide (YBCQ) or alternatively
with a rare earth substituted for the Y.

[0054] At an initial position indicated by line 5a-5a' (and
illustrated in cross-section in FIG. 5A), the filaments 420
are spaced apart from one another across the width of the
substrate 410 i A-B-C-D-E order from the upper to the
lower edge of the substrate. The array of filaments can have
a gap between filaments in the range of about 10 to 100 ym,
or for example, less than 50 um. The filaments are typically
about 50 to 1000 um wide, or typically about 100 y#m. In one
or more embodiments, the filament array includes filaments

of less than about 100 #m wide separated by a gap of about
10 to 20 um.

[0055] At acrossover point indicated at line 5b-5b' in FIG.
4 and illustrated 1n cross-section 1n FIG. 5B, filaiments A
through D are shifted in one direction along the width (e.g.,
towards the lower edge) by a distance of about one filament
position so that filament A 1s located at the position previ-
ously occupied by filament B prior to the shift, filament B 1s
located at the position previously occupied by filament C
prior to the shift, and so forth. Filament E shifts in the
opposite direction and crosses over filaments A through D
(e.g., towards the upper edge) to occupy the position pre-
viously occupied by filament A. The position of the fila-
ments at the crossover point 1s shown 1n FIG. 5B, 1n which
filaments A through D are located in some intermediate
position between their original and final position and fila-
ment E crosses over the other filaments. The position of the
filaments 420 after crossover 1s indicated by line 5¢-Sc¢' (and
illustrated in FIG. 5C). The filaments 420 are now spaced
apart from one another across the width of the substrate 410
in E-A-B-C-D order. Periodic crossovers occur along the
length of the article. For example, an additional crossover 1s
shown 1n FIG. 4, in which filament D crosses over filaments
E-A-B-C resulting 1n a filament arrangement of D-E-A-B-C.
Such periodic crossovers cause each filament to occupy
every filament position 1n the article. Such a filament cross-
over pattern results 1n a “fully transposed” wire.

[0056] In one or more embodiments, the filaments are
substantially electrically isolated from one another along
their length. Electrical 1solation may be accomplished 1n a
number of ways. For example, an insulating air gap 530 may
be maintained between adjacent filaments, as 1llustrated in
FIG. SA. By way of another example, a filler material 540
may be interposed between filaments, as illustrated in FIGS.
SB and 5C. Inclusion of a filler material 540 can contribute
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to the mechanical stability of the article and serves to
clectrically and/or mechanically 1solate the filaments.

[0057] A filler material 550 can be interposed between the
lower face 555 of the crossover filament and the upper faces
558 of the crossed over filaments. The filler material can be
a poorly conducting, msulating or of medium to high resis-
fivity. Exemplary insulating materials include ceramic mate-
rials such as barium zirconate or HTS superconductor that
has been thermally decomposed or poisoned by the addi-
fional of a metal contaminant, ¢.g., zinc-contaminated
YBCO or PrBa,Cu,0O, . PrBa,Cu,0- _ has the added
advantage of having a lattice structure similar to that of
YBCO, so that it can be textured 1n a manner similar to

YBCO.

[0058] In one or more embodiments the filaments are not
electrically insolated but are connected through a common
stabilizer layer disposed above the filaments (not shown). To
reduce interfilamentary coupling losses (currents run per-
pendicular to the wire or tape direction, from filament-to-
filament, through the metal stabilizer) the stabilizer needs to
have a medium to high resistivity. Medium to high resistivity
1s associated with reduced ac losses. Exemplary medium
resistivity materials include, for example, brass, copper-
aluminum bronze, copper-tin bronze, copper with around
10-40% nickel, with resistivities of around 5-40 mircroohm-
cm at cryogenic temperatures. Exemplary high resistivity
materials 1include, for example, copper with 40-50% nickel
such as Constantan™, (resistivity of around 50 microohm-
cm) and most commercial nickel alloys with substantial
additions such as nickel-20% chromium, Hastelloy™,
Inconel™, and most commercial stainless steels, with resis-
fivities of around 100-120 microohm-cm at cryogenic tem-
peratures.

[0059] In other embodiments, a low ac loss filamentary
article 600 1ncludes filaments that are partially transposed,
that 1s, at least one filament does not occupy every filament
position. FIG. 6 1s a top view of a coated article 600 having
a base 610 and an array of superconducting filaments 620
extending substantially continuously along the length of the
article. For the purposes of 1illustration, the article includes
five (5) filaments, however, any number of filaments may be
used 1 practice. The base 610 of the article 600 includes a
metal substrate 710 having a textured surface and epitaxially

grown buffer layer(s) 720, as illustrated in FIGS. 7A-C.

[0060] At an initial position indicated by line 7a-7a' (and
illustrated in cross-section in FIG. 7A), the filaments 620
are spaced apart from one another across the width of the
substrate 610 1n A-B-C-D-E order. The array of filaments
can have a gap 1n the range of about 10 to 100 um, or for
example, less than 50 um. The filaments are typically about
50 to 1000 um wide, or typically about 100 ym. In one or
more embodiments, the filament array includes filaments of
less than about 100 um wide separated by a gap of about 10
to 20 um. As noted previously, the gap can be an insulating
air gap 730 (FIG. 7A) or can be a poorly conducting (e.g.
amorphous YBCO or a conductive metal oxide), insulating
or medium or high resistivity material 740 (FIG. 7B).
Inclusion of a material with low conductivity 1n the gap
allows some current sharing between filaments and can help
the electrical stability of the article.

[0061] At a first crossover point indicated at line 7b-7b' in
FIG. 6 and illustrated in cross-section in FIG. 7B, filament
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A shifted 1s from its position at the upper edge of the
substrate over filaments B, C and D (i.e., it is shifted by a
distance of four filament positions) so that filament A is
located at the position previously occupied by filament E
prior to the shift. Filament E 1s shifted 1s from 1ts position at
the lower edge of the substrate over filaments D, C and B
(i.c., it is also shifted by a distance of four filament positions)
so that filament E 1s located at the position previously
occupied by filament A. Thus, filaments A and E have
exchanged filament positions at the first crossover location.
The relative positioning of filaments A and E during cross-
over, €.g., A over E vs. E over A, 1s optional.

[0062] The filaments are isolated from one another during
crossover by barrier material 750. To help reduce interfila-
mentary coupling losses the barrier layer can be a medium
to high resistivity material. Exemplary medium resistivity
materials include, for example, brass, copper-aluminum
bronze, copper-tin bronze, copper with around 10-40%
nickel, with resistivities of around 5-40 mircroohm-cm at
cryogenic temperatures. Exemplary high resistivity materi-
als 1nclude, for example, copper with 40-50% nickel such as
Constantan™, (resistivity of around 50 microohm-cm) and
most commercial nickel alloys with substantial additions
such as nickel-20% chromium, Hastelloy™, Inconel™, and
most commercial stainless steels, with resistivities of around
100-120 microohm-cm at cryogenic temperatures. It can
also be a metal oxide, for example, a metal oxide, that 1s
doped to provide some conductivity, e.g., La(Sr)MnQO;, or
such as barium zirconate or HTS superconductor that has
been thermally decomposed or poisoned by the additional of
a metal contaminant, €.g., zinc-contaminated YBCO or
PrBa,Cu;0, . La(Sr)MnO; and PrBa,Cu;0O.,__ have the
added advantage of having a lattice structure similar to that
of YBCO, so that 1t can be textured 1n a manner similar to
YBCO. Certain metal oxides can be deposited epitaxially
and have a lattice structure similar to YBCO.

[0063] At a second crossover point indicated at line 7¢-7¢’
m FIG. 6 and illustrated in cross-section 1n FIG. 7C,
filament B shifted 1s from 1its 1nitial position between fila-
ments C and E over filament C (i.e., it 1s shifted by a distance
of two filament positions) so that filament B is located at the
position previously occupied by filament D. Filament D 1s
shifted 1s from 1its 1nitial position between filaments A and C
over filament C (i.e., it is also shifted by a distance of two
filament positions) so that filament D is located at the
position previously occupied by filament B prior to the shift.
Thus, filaments B and D have exchanged filament positions
at the second crossover point. The relative positioning of
filaments B and D during crossover, e.g., Aover E vs. E over

A, 1s optional. Barrier layer 750 separates filaments D, B and
C.

[0064] After two filament crossovers, the filaments 620
are spaced apart from one another across the width of the
substrate 610 1n E-D-C-B-A order from the upper to the
lower edge of the substrate. Thus, this filament pattern
results 1n a filament position exchange between filament A
and filament E, and a filament position exchange between
filament B and filament D. Filament C’s position remains
unchanged, and filaments A and E do not transpose 1nto
filaments positions B and D. Thus, this configuration rep-
resents a partially transposed wire.

[0065] Other non-limiting examples of filament patterns
including at least one filament crossover are shown in FIG.
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8. F1G. 8 schematically illustrates four filaments 801, 820,
803, 804 (depicted by different line forms) that shift diago-

nally by one filament position back and forth across the
filament width. Filament pairs exchange position periodi-
cally along the elongated substrate length so as to fully
transpose all filaments. As a result, the current 1s forced to
flow 1n the circuitous path outlined for each of the filaments
801, 820, 803, 804. One period of full transposition for four
parallel paths requires 12 crossing points. In general, for n
parallel paths, the number of crossing points for one period
of full transposition is n{n-1).

[0066] The number and placement of crossing points is
determined, 1 part, by the performance of the supercon-
ducting tape at the projected operating conditions of the
superconducting device and the maximum allowable ac
losses. W. J. Carr calculated the loss dependence on twist
pitch and transverse resistivity for a patterned thin film
conductor, which was assumed to be twisted. From this
model 1t can be concluded that the repeat distance will be 1n
the range of 1 meter for a 60 Hz alternating magnetic field
with a 0.1 T amplitude if losses are not to exceed 0.25-0.5
mW/Am, using a stabilizer with a resistivity of 50 100
microohm-cm. If the perpendicular field amplitude compo-
nent as seen by the conductor 1s less the repeat distance can

be increased proportionally. (W. J. Carr et al, “Filamentary
YBCO Conductors for AC applications”, IEEE Trans. Appl.
Superc. 9, pp. 1475-1478, (1999).

[0067] The arrangement of filaments in a low ac loss
multifilament coated HTS article 1s not limited to the
examples described herein. Other filament patterns includ-
ing at least one filament crossover will be readily apparent
to one of skill 1 the art and are contemplated as within the
scope of the mvention.

[0068] The articles may further include a cap layer dis-
posed on top of the YBCO layer and a stabilizing layer
deposed on the cap layer over the patterned superconductor
filaments. The cap layer 1s an 1nert protective layer that
provides a physical and chemical barrier to the environment.
Exemplary cap layers include noble metals, such as silver. A
stabilizing layer 1s used to provide improved mechanical and
clectrical stability during use, and reduce tensile and com-
pressive strains on the superconductor filaments. For
example, a thin layer of silver can be deposited on the
superconductor filaments, thereby forming a composite with
the superconducting layer and enabling the lamination of a
hardened copper strip by soldering onto the silver.

[0069] The multifilamentary pattern can be prepared using
a variety of methods. By way of example only, patterns can
be 1ntroduced 1nto a thin film of superconducting material by
abrasive milling, laser ablation, chemical etching, mechani-
cal scribing, e-beam 1rradiation, 1on 1implantation and depo-
sition of ferromagnetic materials (iron). Abrasive milling,
laser ablation, chemical etching and mechanical scribing
physically remove YBCO material leaving behind a portion
of the YBCO that forms the desired patterned filament
structure. E-beam 1irradiation, 1on implantation and deposi-
tion of ferromagnetic materials result 1n damage to exposed
regions of the YBCO film transforming these regions into
essentially non-superconducting material. The YBCO mate-
rial that was not damaged forms the desired patterned
filament structure.

[0070] A multifilament article having filament crossovers
can be obtained by first patterning the superconducting layer
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to form filaments within the plane of a superconducting
layer. The in-plane patterning can be accomplished using
known techniques such as those described heremn. At a
crossover location, the crossover filament i1s stopped to
allow the continuous filament to pass; the crossover filament
continues 1n 1ts shifted position after the crossover. The ends
of the discontinuous superconducting filaments are then
joimned using a flexible conducting crossover element. The
conducting crossover element redirects the current from the
first superconducting segment, through the conducting

crossover element, and into the second superconducting
segment of the crossover wire.

[0071] A conductive crossover element 900 is illustrated
in F1G. 9, which 1s a top view illustration of two filaments
902, 904 at a crossover location. Filament 902 1s continuous
at the crossover 906 and i1s patterned using a technique
suitable for forming filaments within the plane of a super-
conductor layer (the method applies equally to filaments that
are fabricated from a superconductor precursor). Exemplary
techniques for forming the filament include scraping, sand-
blasting, laser ablation, e-beam 1rradiation, 10n 1mplantation
and deposition of ferromagnetic materials. In order to form
the crossover, a conducting crossover element 910 1s formed
between two discontinuous segments 904a and 904H of
filament 904. Segment 9044 1s positioned on one side of the
crossover and segment 904b 1s located on the other side of
the crossover. The segment edges can be any shape, e.g.,
straight, irregular, curved or they can be formed at an angle,
¢.g., at about a 45° angle, selected to maximize supercon-
ductor coverage of the substrate while allowing switchover
to occur. Conducting crossover element 910 joins the two
scgments 904a and 904b. The conducting element can be
made of any conductive or superconductive material, and 1s
typically made of a flexible conductive material. Suitable
conductive crossover elements are preformed 1nto a desired
shape using materials such as copper or other flexible
conductive material. The conductive crossover elements
may be coated with an insulating or barrier layer to prevent
electrical contact of the conductive bridge to the underlying
filament. For example, the conducting crossover bridge can
be a copper foil having a barrier layer of copper oxide. The
conductive crossover element 1s jomed to the ends of
filament 904 at a bonding arca 912. Exemplary bonds
include solder and spot welds.

[0072] An alternative approach to the fabrication of mul-
fifilamentary articles having the configurations described
herein 1s to use fabrication techniques that allow the building
of the three-dimensional crossover structures. Three-dimen-
sional printing 1s one technique that can be used to build the
multiple layers of oxide superconductor and filler material at
the crossover point.

[0073] The patterned filamentary superconducting oxide
layer can be prepared by controlled deposition of droplets of
a solution, ¢.g., dropwise deposition, containing precursor
components to an oxide superconductor. The patterned layer
1s then converted 1nto a patterned oxide superconductor. The
method may be used to deposit a plurality of narrow strips
of oxide superconductor in the patterns and configurations
described herein 1n order to significantly suppress the ac loss
of second generation coated conductor articles. Further
information 1s found 1n copending application U.S. Ser. No.
TBD, entitled “Dropwise Deposition of a Patterned
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Oxide Superconductor,” and filed on even date herewith,
which 1s hereby incorporated 1n its entirety.

[0074] Precursor components to an oxide superconductor
are dissolved in a suitable solvent to form a solution. A
precursor component includes a metal source, €.g., a metal
salt, metal compound and metal-organic compound and the
like, that can be further processed (along with other precur-
sor components) to form an oxide superconductor. The
precursor components can include soluble compounds of
one or more rare earth elements, one or more alkaline earth
metals and one or more transition metals. As used herein,
“soluble compounds™ of rare earth elements, alkaline earth
metals and transition metals refers to compounds of these
metals that are capable of dissolving i1n the solvents con-
tained in the precursor solution. Such compounds include,
for example, salts (e.g., nitrates, acetates, alkoxides, halides,
sulfates, and trifluoroacetates), oxides and hydroxides of
these metals. A typical precursor solution includes the salts
of yttrium, bartum and copper, wherein at least one of the
metal salts 1s a trifluoroacetate. Precursor components that
permit pinning centers to be mtroduced 1nto superconduct-
ing thin films may also be added to the precursor solution.
For example a dopant component including a metal com-
pound having a dopant metal capable of replacing one or
more of the rare earth and alkaline earth metal of the
rare-earth/alkaline-earth-metal/transition metal oxide or an
additive component containing one or more metal com-
pounds capable of forming a second phase nanoparticle can
be 1ncluded 1n the precursor solution. The solvent or com-
bination of solvents used i1n the precursor solution can
include any solvent or combination of solvents capable of
dissolving the metal sources. Such solvents include, for
example, water and alcohols, including methanol, ethanol,
1sopropanol and butanol.

[0075] The solution is introduced into a dispensing device
that has at least one nozzle through which the solution may
be discharged, continuously or intermittently on demand, in
the form of discrete fine droplets. The precursor solution
may be dispensed through a plurality of dispensing devices
and/or through a plurality of nozzles or nozzle orifices. The
dispensed precursor solution i1s deposited onto a textured
target surface essentially point by point to form a thin film
in a predetermined pattern. Thus, a high degree of precision
can be realized.

[0076] In one or more embodiments, an inkjet printer is
used to dropwise deposit the precursor solution. Inkjet
printer technology provides continuous deposition of long
lengths of superconductor material on moving substrates.
Any desired distribution of interfilament bridges 1s achiev-
able and can be precisely applied. Both the spacing between
filaments and (optionally) the distribution of bridges can be
precisely controlled using computer control, as 1s currently
employed in conventional inkjet printing. An appropriate
poorly conductive or medium or high resistivity material (or
other second material) is deposited in the interfilament gaps
using, for example, an additional set of printer heads with a
second solution. Droplets with spot sizes as small as 10 um
in the lateral dimension have been created by inkjet meth-
ods, which provides adequate interfilament resolution.

[0077] The precursor components are then heated to con-
vert the precursors mto an oxide superconductor. The pre-
cursor components are converted into an oxide supercon-
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ductor by treating the precursor film to form an intermediate
metal oxylluoride film including the rare earth, the alkaline
carth metal, and the transition metal of the precursor solu-
tion, and thereafter converting the oxyfluoride film into an
oxide superconductor.

[0078] Dropwise deposition enables the method to put
down material at any point on the target substrate. Thus,
material can be deposited within the gaps or spacings
between the filaments of the filament array. For example,
additional precursor solution 1s deposited at random or
periodic 1ntervals to form superconducting or conductive
bridges between adjacent filaments. Periodic bridges pro-
vide current continuity from filament to filament and offset
defects that periodically arise 1n the superconducting mate-
rial. Periodic bridges provide current continuity from fila-
ment to filament and offset defects that periodically arise 1n
the superconducting material. An exemplary bridge 1s 1llus-
frated in KFIG. 10. FIG. 10 1s a top view of a coated
conductor architecture 1000 having an array of continuous
filaments 1020 separated by gaps 1040. The architecture
includes periodic bridges 1060 that span the gap 1040.
Alternatively, a second material 1s deposited within the gaps
between filaments, such as poorly conductive material or
medium or high resistivity material or precursor thereto that
1s selected to mechanically 1solate the adjacent filaments
and/or to increase electrical stability of the article.

[0079] Using multiple passes over the substrate, it is
possible to form a multilayer structure at the crossover
location containing the physically separated filaments. In an
exemplary deposition process of two transposed wires, a
first deposition step deposits droplets of superconducting
precursor material to form two filaments; and filler material
1s deposited to fill any space not occupied by filaments. The
filler material desirably 1s able to be textured. At the cross-
over junction, one filament 1s printed continuously and the
other 1s interrupted. In subsequent deposition sequences, a
layer of barrier material is deposited (may be the same as the
filler material) over the continuous filament at the crossover
junction. The barrier layer 1s of a thickness to provide the
appropriate 1solating effect between the two filaments at
their closest approach and may vary in thickness, e.g., to
accommodate the increased thickness of the overlapping
filaments. In a final sequence of deposition steps, supercon-
ducting materials 1s deposited over the filler material at the
crossover junction to span the bridge.

[0080] As shown in FIG. 11, at a first station 1100, a wire
substrate 1s treated to obtain biaxial texture. Preferably, the
substrate surface has a relatively well defined crystallo-
ographic orientation. For example, the surface can be a
biaxially textured surface (e.g., a (113)[211] surface) or a
cube textured surface (e.g., a (100)[011] surface or a (100)
[001 ] surface). Preferably, the peaks in an X-ray diffraction
pole figure of the surface have a FWHM of less than about
20° (e.g., less than about 15°, less than about 10°, or from
about 5° to about 10°).

|0081] The surface can be prepared, for example, by
rolling and annealing. Surfaces can also be prepared using
vacuum processes, such as 1on beam assisted deposition,
inclined substrate deposition and other vacuum techniques
known 1n the art to form a biaxially textured surface on, for
example, a randomly oriented polycrystalline surface. In
certain embodiments (e.g., when 1on beam assisted deposi-
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tion is used), the surface of the substrate need not be textured
(¢.g., the surface can be randomly oriented polycrystalline,
or the surface can be amorphous).

[0082] The substrate can be formed of any material
capable of supporting a buifer layer stack and/or a layer of
superconductor material. Examples of substrate materials
that can be used as the substrate include for example, metals
and/or alloys, such as nickel, silver, copper, zinc, aluminum,
iron, chromium, vanadium, palladium, molybdenum and/or
their alloys. In some embodiments, the substrate can be
formed of a superalloy. In certain embodiments, the sub-
strate can be 1n the form of an object having a relatively large
surface area (e.g., a wire or a wafer). In these embodiments,
the substrate 1s preferably formed of a relatively flexible
material.

[0083] In some of these embodiments, the substrate is a
binary alloy that contains two of the following metals:
copper, nickel, chromium, vanadium, aluminum, silver, 1ron,
palladium, molybdenum, tungsten, gold and zinc. For
example, a binary alloy can be formed of nickel and chro-
mium (e.g., nickel and at most 20 atomic percent chromium,
nickel and from about five to about 18 atomic percent
chromium, or nickel and from about 10 to about 15 atomic
percent chromium). As another example, a binary alloy can
be formed of nickel and copper (e.g., copper and from about
five to about 45 atomic percent nickel, copper and from
about 10 to about 40 atomic percent nickel, or copper and
from about 25 to about 35 atomic percent nickel). As a
further example, a binary alloy can contain nickel and
tungsten (e.g., from about one atomic percent tungsten to
about 20 atomic percent tungsten, from about two atomic
percent tungsten to about 10 atomic percent tungsten, from
about three atomic percent tungsten to about seven atomic
percent tungsten, about five atomic percent tungsten). A
binary alloy can further mnclude relatively small amounts of
impurities (e.g., less than about 0.1 atomic percent of
impurities, less than about 0.01 atomic percent of impurities,
or less than about 0.005 atomic percent of impurities).

|0084] In certain of these embodiments, the substrate
contains more than two metals (e.g., a ternary alloy or a
quarternary alloy). In some of these embodiments, the alloy
can contain one or more oxide formers (e.g., Mg, Al, Mo, V,
Ta, T1, Cr, Ga, Ge, Zr, HL, Y, S1, Pr, Eu, Gd, Tb, Dy, Ho, Lu,
Th, Er, Tm, Be, Ce, Nd, Sm, Yb and/or La, with Al being the
preferred oxide former), as well as two of the following
metals: copper, nickel, chromium, vanadium, aluminum,
silver, 1ron, palladium, molybdenum, gold and zinc. In
certain of these embodiments, the alloy can contain two of
the following metals: copper, nickel, chromium, vanadium,
aluminum, silver, 1ron, palladium, molybdenum, gold and
zinc, and can be substantially devoid of any of the afore-
mentioned oxide formers.

[0085] In embodiments in which the alloys contain an
oxide former, the alloys can contain at least about 0.5 atomic
percent oxide former (e.g., at least about one atomic percent
oxide former, or at least about two atomic percent oxide
former) and at most about 25 atomic percent oxide former
(e.g., at most about 10 atomic percent oxide former, or at
most about four atomic percent oxide former). For example,
the alloy can include an oxide former (e.g., at least about 0.5
aluminum), from about 25 atomic percent to about 55 atomic
percent nickel (e.g., from about 35 atomic percent to about
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55 atomic percent nickel, or from about 40 atomic percent
to about 55 atomic percent nickel) with the balance being
copper. As another example, the alloy can include an oxide
former (e.g., at least about 0.5 atomic aluminum), from
about five atomic percent to about 20 atomic percent chro-
mium (e.g., from about 10 atomic percent to about 18 atomic
percent chromium, or from about 10 atomic percent to about
15 atomic percent chromium) with the balance being nickel.
The alloys can include relatively small amounts of addi-

™

tional metals (e.g., less than about 0.1 atomic percent of

™

additional metals, less than about 0.01 atomic percent of

™

additional metals, or less than about 0.005 atomic percent of
additional metals).

[0086] A substrate formed of an alloy can be produced by,
for example, combining the constituents 1n powder form,
melting and cooling or, for example, by diffusing the powder
constituents together 1 solid state. The alloy can then be
formed by deformation texturing (e.g, annealing and rolling,
swaging, extrusion and/or drawing) to form a textured
surface (e.g., biaxially textured or cube textured). Alterna-
fively, the alloy constituents can be stacked 1n a jelly roll
configuration, and then deformation textured. In some
embodiments, a material with a relatively low coetficient of
thermal expansion (e.g, Nb, Mo, Ta, V, Cr, Zr, Pd, Sb, NbTi,
an intermetallic such as NiAl or Ni,Al, or mixtures thereof)
can be formed 1nto a rod and embedded 1nto the alloy prior
to deformation texturing.

[0087] In some embodiments, stable oxide formation at
the surface can be mitigated until a first epitaxial (for
example, buffer) layer is formed on the biaxially textured
alloy surface, using an intermediate layer disposed on the
surface of the substrate. Intermediate layers include those
epitaxial metal or alloy layers that do not form surface
oxides when exposed to conditions as established by PO,
and temperature required for the mitial growth of epitaxial
buffer layer films. In addition, the buffer layer acts as a
barrier to prevent substrate element(s) from migrating to the
surface of the intermediate layer and forming oxides during
the 1nitial growth of the epitaxial layer. Absent such an
intermediate layer, one or more elements in the substrate
would be expected to form thermodynamically stable
oxide(s) at the substrate surface which could significantly
impede the deposition of epitaxial layers due to, for
example, lack of texture 1n this oxide layer.

[0088] In some of these embodiments, the intermediate
layer 1s transient 1n nature. “ITransient,” as used herein, refers
to an 1mntermediate layer that 1s wholly or partly incorporated
into or with the biaxially textured substrate following the
initial nucleation and growth of the epitaxial film. Even
under these circumstances, the intermediate layer and biaxi-
ally textured substrate remain distinct until the epitaxial
nature of the deposited film has been established. The use of
fransient intermediate layers may be preferred when the
intermediate layer possesses some undesirable property, for
example, the intermediate layer 1s magnetic, such as nickel.

[0089] Exemplary intermediate metal layers include
nickel, gold, silver, palladium, and alloys thereof. Additional
metals or alloys may include alloys of nickel and/or copper.
Epitaxial films or layers deposited on an intermediate layer
can 1nclude metal oxides, chalcogenides, halides, and
nitrides. In some embodiments, the intermediate metal layer
does not oxidize under epitaxial film deposition conditions.
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[0090] Care should be taken that the deposited interme-
diate layer 1s not completely incorporated into or does not
completely diffuse into the substrate before nucleation and
orowth of the mmitial buffer layer structure causes the epi-
taxial layer to be established. This means that after selecting
the metal (or alloy) for proper attributes such as diffusion
constant 1n the substrate alloy, thermodynamic stability
against oxidation under practical epitaxial buffer layer
orowth conditions and lattice matching with the epitaxial
layer, the thickness of the deposited metal layer has to be
adapted to the epitaxial layer deposition conditions, 1n
particular to temperature.

[0091] Deposition of the intermediate metal layer can be
done 1n a vacuum process such as evaporation or sputtering,
or by electrochemical means such as electroplating (with or
without electrodes). These deposited intermediate metal
layers may or may not be epitaxial after deposition (depend-
ing on substrate temperature during deposition), but epi-
taxial orientation can subsequently be obtained during a
post-deposition heat treatment.

[0092] In certain embodiments, sulfur can be formed on
the surface of the intermediate layer. The sulfur can be
formed on the surface of the intermediate layer, for example,
by exposing the intermediate layer to a gas environment
containing a source of sulfur (e.g., H,S, a tantalum foil or a
silver foil) and hydrogen (e.g., hydrogen, or a mix of
hydrogen and an 1nert gas, such as a 5% hydrogen/argon gas
mixture) for a period of time (e.g., from about 10 seconds to
about one hour, from about one minute to about 30 minutes,
from about five minutes to about 15 minutes). This can be
performed at elevated temperature (e.g., at a temperature of
from about 450° C. to about 1100° C., from about 600° C.
to about 900° C., 850° C.). The pressure of the hydrogen (or
hydrogen/inert gas mixture) can be relatively low (e.g., less
than about one torr, less than about 1x107> torr, less than
about 1x107° torr) or relatively high (e.g., greater than about
1 torr, greater than about 100 torr, greater than about 760
torr).

[0093] Without wishing to be bound by theory, it is
believed that exposing the textured substrate surface to a
source of sulfur under these conditions can result in the
formation of a superstructure (¢.g., a ¢(2x2) superstructure)
of sulfur on the textured substrate surface. It 1s further
believed that the superstructure can be effective 1n stabiliz-
ing (e.g., chemically and/or physically stabilizing) the sur-
face of the intermediate layer.

10094] While one approach to forming a sulfur superstruc-
ture has been described, other methods of forming such
superstructures can also be used. For example, a sulfur
superstructure (e.g., S ¢(2x2)) can be formed by applying an
appropriate organic solution to the surface of the interme-
diate layer by heating to an appropriate temperature 1 an
appropriate gas environment.

[0095] Moreover, while formation of a sulfur superstruc-
ture on the surface of the intermediate layer has been
described, it 1s believed that other superstructures may also
be effective in stabilizing (e.g., chemically and/or physically
stabilizing) the surface. For example, it is believed that an
oxygen superstructure, a nitrogen superstructure, a carbon
superstructure, a potassium superstructure, a cesium Super-
structure, a lithium superstructure or a selentum superstruc-
ture disposed on the surface may be effective 1n enhancing
the stability of the surface.
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[0096] In a second processing station 1120, a buffer layer
1s formed on the textured substrate. The buifer layer can be
formed using 1on beam assisted deposmon (IBAD). In this
technique, a buifer layer material 1s evaporated using, for
example, electron beam evaporation, sputtering deposition,
or pulsed laser deposition while an ion beam (e.g., an argon
ion beam) is directed at a smooth amorphous surface of a
substrate onto which the evaporated buifer layer material 1s
deposited.

[0097] For example, the buffer layer can be formed by ion
beam assisted deposition by evaporating a buller layer
material having a rock-salt like structure (e.g., a material
having a rock salt structure, such as an oxide, including
MgO, or a nitride) onto a smooth, amorphous surface (e.g.,
a surface having a root mean square roughness of less than
about 100 Angstroms) of a substrate so that the buffer layer
material has a surface with substantial alignment (¢.g., about
13° or less), both in-plane and out-of-plane.

[0098] The conditions used during deposition of the buffer
layer material can include, for example, a substrate tem-
perature of from about 0° C. to about 750° C. (e.g., from
about 0° C. to about 400° C., from about room temperature
to about 750° C., from about room temperature to about
400° C.), a deposition rate of from about 1.0 Angstrom per
second to about 4.4 Angstroms per second, an 10n energy of
from about 200 ¢V to about 1200 eV, and/or an 1on flux of
from about 110 microamperes per square centimeter to about
120 microamperes per square centimeter.

[0099] In some embodiments, when using IBAD, the
substrate 1s formed of a material having a polycrystalline,
non-amorphous base structure (e.g., a metal alloy, such as a
nickel alloy) with a smooth amorphous surface formed of a
different material (e.g., Si;N,).

[0100] In certain embodiments, a plurality of buffer layers
can be deposited by epitaxial growth on an original IBAD
surface. Each buffer layer can have substantial alignment
(e.g., about 13° or less), both in-plane and out-of-plane.

[0101] A buffer material can be prepared using solution
phase techniques, including metalorganic deposition, such
as disclosed 1n, for example, S. S. Shoup et al., J. Am. Cer.

Soc., vol. 81, 3019; D. Beach et al., Mat. Res. Soc. Symp.
Proc., vol. 495, 263 (1988); M. Paranthaman et al., Super-
conductor Sci. Tech., vol. 12, 319 (1999); D. J. Lee et al.,
Japanese J. Appl. Phys., vol. 38, L178 (1999) and M. W.
Rupich et al., I.LE.E.E. Trans. on Appl. Supercon. vol. 9,
1527/7. In certain embodiments, solution coating processes
can be used for deposition of one or a combination of any of
the oxide layers on textured substrates; however, they can be
particularly applicable for deposition of the initial (seed)
layer on a textured metal substrate. The role of the seed layer
is to provide 1) protection of the substrate from oxidation
during deposition of the next oxide layer when carried out 1n
an oxidizing atmosphere relative to the substrate (for
example, magnetron sputter deposition of yttria-stabilized
zirconia from an oxide target); and 2) an epitaxial template
for growth of subsequent oxide layers. In order to meet these
requirements, the seed layer should grow epitaxially over
the entire surface of the metal substrate and be free of any
contaminants that may interfere with the deposition of
subsequent epitaxial oxide layers.

[10102] The formation of oxide buffer layers can be carried
out so as to promote wetting of an underlying substrate layer.
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Additionally, in particular embodiments, the formation of
metal oxide layers can be carried out using metal alkoxide
precursors (for example, “sol gel” precursors).

[0103] Once the textured substrate including buffer layers
1s prepared, a patterned precursor solution 1s deposited
deposition station 1130 as described above. Additional
equipment may be required to accomplish the patterning
operation, for example, when laser ablation or 1on bombard-
ment are used to pattern the superconducting layer. If
dropwise patterned deposition 1s used, then a single station
equipped with a inkjet printer deposition apparatus can
accomplish both deposition and patterning of the oxide
precursor solution.

[0104] At a subsequent station 1140, the precursor com-
ponents are decomposed. The conversion of the patterned
precursor components into an oxide superconductor 1s car-
ried out as has been previously reported for continuous thick
precursor films. In the case of precursor components 1nclud-
ing at least one fluoride-containing salt, the first step of the
heating step 1s performed to decompose the metalorganic
molecules to one or more oxyfluoride intermediates of the
desired superconductor material.

[0105] Typically, the initial temperature in this step is
about room temperature, and the final temperature 1s from
about 190° C. to about 210° C., preferably to a temperature
to about 200° C. Preferably, this step is performed using a
temperature ramp of at least about 5° C. per minute, more
preferably a temperature ramp of at least about 10° C. per
minute, and most preferably a temperature ramp of at least
about 15° C. per minute. During this step, the partial
pressure of water vapor in the nominal gas environment 1s
preferably maintained at from about 5 Torr to about 50 Torr,
more preferably at from about 5 Torr to about 30 Torr, and
most preferably at from about 20 Torr to about 30 Torr. The
partial pressure of oxygen 1n the nominal gas environment 1s

maintained at from about 0.1 Torr to about 760 Torr and
preferably at about 730-740 Torr.

[0106] Heating is then continued to a temperature of from
about 200° C. to about 290° C. using a temperature ramp of
from about 0.05° C. per minute to about 5° C. per minute
(e.g., from about 0.5° C. per minute to about 1° C. per
minute). Preferably, the gas environment during this heating
step 1s substantially the same as the nominal gas environ-
ment used when the sample 1s heated to from the mitial
temperature to from about 190° C. to about 215° C.

[0107] Heating is further continued to a temperature of
about 650° C., or more preferably to a temperature of about
400° C., to form the oxyfluoride intermediate. This step is
preferably performed using a temperature ramp of at least
about 2° C. per minute, more preferably at least about 3° C.
per minute, and most preferably at least about 5° C. per
minute. Preferably, the gas environment during this heating
step 1s substantially the same as the nominal gas environ-

ment used when the sample 1s heated to from the initial
temperature to from about 190° C. to about 215° C.

[0108] In alternate embodiments, barium fluoride 1is
formed by heating the dried solution from an initial tem-
perature (e.g., room temperature) to a temperature of from
about 190° C. to about 215° C. (e.g., about 210° C.) in a
water vapor pressure of from about 5 Torr to about 50 Torr
water vapor (e.g., from about 5 Torr to about 30 Torr water
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vapor, or from about 10 Torr to about 25 Torr water vapor).
The nominal partial pressure of oxygen can be, for example,
from about 0.1 Torr to about 760 Torr. In these embodi-
ments, heating 1s then continued to a temperature of from
about 220° C. to about 290° C. (e.g., about 220° C.) in a
water vapor pressure of from about 5 Torr to about 50 Torr
water vapor (e.g., from about 5 Torr to about 30 Torr water
vapor, or from about 10 Torr to about 25 Torr water vapor).
The nominal partial pressure of oxygen can be, for example,
from about 0.1 Torr to about 760 Torr. This 1s followed by
heating to about 400° C. at a rate of at least about 2° C. per
minute (e.g., at least about 3° C. per minute, or at least about
5° C. per minute) in a water vapor pressure of from about 5
Torr to about 50 Torr water vapor (¢.g., from about 5 Torr to
about 30 Torr water vapor, or from about 10 Torr to about 25
Torr water vapor) to form barium fluoride. The nominal

partial pressure of oxygen can be, for example, from about
0.1 Torr to about 760 Torr.

[0109] In certain embodiments, heating the dried solution
to form barium fluoride can include putting the coated

sample in a pre-heated furnace (e.g., at a temperature of at
least about 100° C., at least about 150° C., at least about
200° C., at most about 300° C., at most about 250° C., about
200° C.). The gas environment in the furnace can have, for
example, a total gas pressure of about 760 Torr, a predeter-
mined partial pressure of water vapor (e.g. at least about 10
Torr, at least about 15 Torr, at most about 25 Torr, at most
about 20 Torr, about 17 Torr) with the balance being
molecular oxygen. After the coated sample reaches the
furnace temperature, the furnace temperature can be
increased (e.g., to at least about 225° C., to at least about
240° C., to at most about 275° C., to at most about 260° C.,
about 250° C.) at a predetermined temperature ramp rate
(e.g., at least about 0.5° C. per minute, at least about 0.75°
C. per minute, at most about 2° C. per minute, at most about
1.5° C. per minute, about 1° C. per minute). This step can be
performed with the same nominal gas environment used 1n
the first heating step. The temperature of the furnace can
then be further increased (e.g., to at least about 350° C., to
at least about 375° C., to at most about 450° C., to at most
about 425° C., about 450° C.) at a predetermined tempera-
ture ramp rate (e.g., at least about 5° C. per minute, at least
about 8° C. per minute, at most about 20° C. per minute, at
most about 12° C. per minute, about 10° C. per minute). This
step can be performed with the same nominal gas environ-
ment used in the first heating step.

[0110] The foregoing treatments of a metal salt solution
can result 1n an oxyfluoride intermediate film 1n which the
constituent metal oxides and metal fluorides are homoge-
neously distributed throughout the film. Preferably, the
precursor has a relatively low defect density and 1s essen-
tially free of cracks through the intermediate thickness.
While solution chemistry for bartum fluoride formation has
been disclosed, other methods can also be used for other
precursor solutions.

[0111] The superconductor intermediate film can then be
heated to form the desired superconductor layer at a further
processing station 1150. Typically, this step 1s performed by
heating from about room temperature to a temperature of
from about 700° C. to about 825° C., preferably to a
temperature of about 740° C. to 800° C. and more preferably
to a temperature of about 750° C. to about 790° C., at a
temperature ramp of about greater than 25° C. per minute,



US 2006/0040330 Al

preferably at a temperature rate of about greater than 100° C.
per minute and more preferably at a temperature rate about
oreater than 200° C. per minute. This step can also start from
the final temperature of about 400-650° C. used to form the
intermediate oxyfluoride film. During this step, a process gas
1s Howed over the film surface to supply the gaseous
reactants to the film and to remove the gaseous reaction
products from the film. The nominal gas environment during,
this step has a total pressure of about 0.1 Torr to about 760
Torr and 1s comprised of about 0.09 Torr to about 50 Torr
oxygen and about 0.01 Torr to about 150 Torr water vapor
and about 0 Torr to about 750 Torr of an inert gas (nitrogen
or argon). More preferably, the nominal gas environment has
a total pressure of about 0.15 Torr to about 5 Torr and 1s
comprised of about 0.1 Torr to about 1 Torr oxygen and
about 0.05 Torr to about 4 Torr water vapor.

[0112] The film is then held at a temperature of about 700°
C.-825° C., preferably to a temperature of about 740° C. to
800° C. and more preferably to a temperature of about 750°
C. to about 790° C., for a time of about at least 5 minutes to
about 120 minutes, preferably for a time of at least about 15
minutes to about 60 minutes, and more preferably for a time
of at least about 15 minutes to about 30 minutes. During this
step, a process gas 1s flowed over the film surface to supply
the gaseous reactants to the film and to remove the gaseous
reaction products from the film. The nominal gas environ-
ment during this step has a total pressure of about 0.1 Torr
to about 760 Torr and 1s comprised of about 0.09 Torr to
about 50 Torr oxygen and about 0.01 Torr to about 150 Torr
water vapor and about O Torr to about 750 Torr of an inert
gas (nitrogen or argon). More preferably, the nominal gas
environment has a total pressure of about 0.15 Torr to about
5 Torr and 1s comprised of about 0.1 Torr to about 1 Torr
oxygen and about 0.05 Torr to about 4 Torr water vapor.

[0113] The film is then cooled to room temperature at in a
nominal gas environment with an oxygen pressure of about
0.05 Torr to about 150 Torr, preferably about 0.1 Torr to

about 0.5 Torr and more preferably from about 0.1 Torr to
about 0.2 Torr.

[0114] Further processing by noble metal deposition at
station 1160, oxygen anneal at station 1070, lamination at
station 1080 and slitting at station 1090 complete the pro-
cess, thereby allowing for the low cost fabrication of low ac
loss coated conductor wires.

|0115] The invention 1s described with reference to the
following examples, which are provided for the purpose of
illustration and are not limiting of the invention.

EXAMPLE

Design of an Exemplary Multifilamentary Coated
Conductor Configuration

[0116] Consider a 4 mm-wide YBCO coated conductor
tape having a critical current of 125 A (at 77 K and self field)
with superconductor layer dimensions of about 4 mm by
0.001 mm. Such a dc tape 1s converted mto an ac tape by
dividing the tape into a number of parallel paths along the
tape length and performing transpositions of the parallel
paths at selected points.

[0117] Assuming a filament configuration as set forth in
FIG. 8 with four filaments, a maximum distance between
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neighboring crossing points can be determined. The distance
requirements for crossing points are a function of the field
environment of the tape. Assume that the tape 1s exposed to
uniform perpendicular magnetic field and the maximum
voltage allowed between any two parallel pathsis 1 V (e.g.,
the breaking voltage between the superconducting layer and
the substrate). When the ac tape is exposed to a uniform
perpendicular magnetic field oscillating at 50 Hz, the typical
emf induced due the field change i1s the area times the
field-time derivative. Thus, the amplitude of the induced
clectric field 1n 4-mm wide tape 1s about 6 mV/m for the
magnetic field amplitude of 15 mT. For the maximum
voltage of 1 V, the allowed tape length 1s 170 m and the
distance 1, 1s then about 41 m. Thus even with four parallel
strips, one full transposition along the 100 m long tape in
uniform (or symmetric in respect to the transpositions)
perpendicular magnetic field 1s sufficient to reduce the ac
magnetization loss by a factor of 4 to a desired value of
about 0.5 mJ/m.

INCORPORAITION BY REFERENCE

[0118] The following documents are hereby incorporated
by reference: U.S. Pat. No. 5,231,074, 1ssued on Jul. 27,
1993, and entitled “Preparation of Highly Textured Oxade
Superconducting Films from MOD Precursor Solutions,”
U.S. Pat. No. 6,022,832, 1ssued Feb. 8, 2000, and entitled
“Low Vacuum Process for Producing Superconductor
Articles with Epitaxial Layers,” U.S. Pat. No. 6,027,564,
1ssued Feb. 22, 2000, and entitled “Low Vacuum Process for
Producing Epitaxial Layers,” U.S. Pat. No. 6,190,752,
issued Feb. 20, 2001, and entitled “Thin Films Having
Rock-Salt-Like Structure Deposited on Amorphous Sur-
faces,” PCT Publication No. WO 00/58530, published on
Oct. 5, 2000, and enftitled “Alloy Materials,” PCT Publica-
tion No. W0O/58044, published on Oct. 5, 2000, and entitled
“Alloy Materials,” PCT Publication No. WO 99/17307,
published on Apr. 8, 1999, and enfitled “Substrates with
Improved Oxidation Resistance,” PCT Publication No. WO
99/16941, published on Apr. 8, 1999, and entitled “Sub-
strates for Superconductors,” PCT Publication No. WO
08/58415, published on Dec. 23, 1998, and entitled “Con-
trolled Conversion of Metal Oxyfluorides into Supercon-
ducting Oxides,” PCT Publication No. WO 01/11428, pub-
lished on Feb. 15, 2001, and entitled “Multi-Layer Articles
and Methods of Making Same,” PCT Publication No. WO
01/08232, published on Feb. 1, 2001, and enfitled “Multi-
Layer Articles And Methods Of Making Same,” PCT Pub-
lication No. WO 01/08235, published on Feb. 1, 2001, and
entitled “Methods And Compositions For Making A Multi-
Layer Article,” PCT Publication No. WO 01/08236, pub-
lished on Feb. 1, 2001, and entitled “Coated Conductor
Thick Film Precursor”, PCT Publication No. WO 01/08169,
published on Feb. 1, 2001, and entitled “Coated Conductors
With Reduced A.C. Loss” PCT Publication No. WO
01/15245, published on Mar. 1, 2001, and entitled “Surface
Control Alloy Substrates And Methods Of Manufacture
Therefor,” PCT Publication No. WO 01/08170, published on
Feb. 1, 2001, and enfitled “Enhanced Purity Oxide Layer
Formation,” PCT Publication No. WO 01/26164, published
on Apr. 12, 2001, and entitled “Control of Oxide Layer
Reaction Rates,” PCT Publication No. WO 01/26165, pub-
lished on Apr. 12, 2001, and entitled “Oxade Layer Method,”
PCT Publication No. WO 01/08233, published on Feb. 1,
2001, and entitled “Enhanced High Temperature Coated
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Superconductors,” PCT Publication No. WO 01/08231, pub-
lished on Feb. 1, 2001, and entitled “Methods of Making A
Superconductor,” PCT Publication No. WO 02/35615, pub-
lished on Apr. 20, 2002, and entitled “Precursor Solutions
and Methods of Using Same,” U.S. patent application Ser.
No. 09/579,193, filed on May 26, 2000, and entitled, “Oxide
Bronze Compositions And Textured Articles Manufactured
In Accordance Therewith;” and U.S. Provisional Patent
Application Ser. No. 60/309,116, filed on Jul. 31, 2001, and
enfitled “Multi-Layer Superconductors And Methods Of
Making Same;” U.S. patent application Ser. No. 10/208,134,
filed on Jul. 30, 2002, and entitled “Superconductor Meth-
ods and Reactor;” and U.S. Provisional Patent Application
Ser. No. 60/308,957, filed on Jul. 31, 2001, and entitled
“Superconductor Methods and Reactors;” and U.S. Provi-
sional Patent Application Ser. No. 60/166,297, filed on Nov.
18, 1999, and enfitled “Superconductor Articles and Com-
positions and Methods for Making Same,” and commonly
owned U.S. patent application Ser. No. 09/615,999, filed on
Jul. 14, 2000, and entitled “Superconductor Articles and
Compositions and Methods for Making Same;” and U.S.
Provisional Application No. 60/477,613, filed Jun. 10, 2003,
and entitled “Superconductor Methods and Reactors; and
U.S. Utility application Ser. No. 10/858,309, filed Jun. 4,
2004, and entitled “Superconductor Methods and Reactors,”
all of which are hereby incorporated by reference.

What 1s claimed 1s:
1. An article comprising:

an clongated substrate comprising a textured surface and
having a length and a width; and

a plurality of filaments comprising an oxide superconduc-
tor extending substantially along the length of the
clongated substrate and spaced apart from one other
filaments across the width of the elongated substrate,

wherein at least one filament crosses over at least one
other filament such that the at least one filament occu-
pies a first position across the width of the elongated
substrate before the crossover and a second position
across the width of the elongated substrate after cross-
OVEr.

2. The article of claim 1, wherein the at least one filament
1s separated from the other filament at least at the location of
crossover by an insulating or poorly conductive or medium
to high resistivity material.

3. The article of claim 2, wherein the medium to high
resistivity material 1s selected from the group consisting of
copper-nickel alloy, nickel alloys and stainless steel.

4. The article of claim 1, wherein multiple filaments cross
over at least one other filament to form multiple crossover
locations along the length of the elongated substrate.

5. The article of claim 1, wherein the article comprises
about 2 to about 100 filaments.

6. The article of claim 1, wherein the space between
adjacent filaments 1s 1 the range of about 10 um to about

100 ym.

7. The article of claim 1, wherein the space between
adjacent filaments comprises an insulating or poorly con-
ducting or medium to high resistivity material.

8. The article of claim 8, wherein the medium to high
resistivity material 1s selected from the group consisting of
copper-nickel alloy, nickel alloys and stainless steel.
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9. The article of claim 8, wherein the poorly conductive
material comprises amorphous rare earth-alkaline earth cop-
per oxide or a conductive metal oxide.

10. The article of claim 1, wherein the filaments have a
width of about 50 to 1000 ym.

11. The article of claim 1, wherein the distance along the
length of the article between neighboring crossover loca-
tions 1s 1n the range of about 0.005 m to about 100.

12. The article of claim 1, wherein the distance along the
length of the arficle between neighboring crossover loca-
fions 1s 1n the range of about 0.2 m to about 10 m.

13. The article of claim 4, wherein a filament at a lower
filament position at a lower edge of the elongated substrate
crosses over the plurality of filaments and 1s directed to a top
filament position at an upper edge of the elongated substrate,
and the remaining filaments are shifted 1n the opposite
direction across the width of the elongated substrate by
about one filament position.

14. The article of claim 13, wherein the filaments shift 1s
repeated periodically along the length of the elongated
substrate.

15. The article of claim 1, wherein a pair of filaments
exchange filament positions during crossover.

16. The article of claim 15, wherein multiple filament
pairs exchange {filament positions periodically along the
length of the elongated substrate.

17. The article of claim 1, wherein the filaments are fully
transposed.

18. The article of claim 1, wherein the filaments are
partially transposed.

19. The article of claim 1, wherein the filaments are
located substantially 1n the same layer.

20. The article of claim 1, wherein the crossover com-
prises a conductive crossover bridge electrically connecting
the at least one filament between 1ts first and second posi-
tion.

21. The article of claim 20, wherein the bridge comprises
a superconductor.

22. The article of claim 20, wherein the bridge comprises
a normal conductor.

23. The article of claim 20, wherein the bridge comprises
a composite strip comprising a normal conductor layer and
an 1nsulating or high resistivity layer.

24. The article of claim 1, wherein the superconducting
component of the filament 1s discontinuous and the ends of
the discontinuous superconductor filament are joined by a
conductive crossover bridge.

25. The article of claim 24, wherein the bridge comprises
a composite strip comprising a normal conductor layer and
an 1nsulating or high resistivity layer, and the bridge 1s 1n
clectrical contact with the discontinuous superconductor
filament.

26. The article of claim 24, wherein the bridge 1s bonded
to each end of the discontinuous filament.

27. The article of claim 26, wherein the bond comprises
a solder.

28. The article of claim 26, wherein the bond comprises
a weld.

29. The article of claim 1, further comprising a cap layer
disposed over the plurality of filaments.

30. The article of claim 31, further comprising a stabilizer
layer disposed on the cap layer.

31. An article comprising:

an elongated substrate having a length and a width; and
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a plurality of filaments comprising an oxide superconduc-
tor extending substantially along the length of the
clongated substrate and spaced apart from one another
across the width of the elongated substrate,

wherein the plurality of filaments 1s periodically shifted 1n
the same direction across the width of the elongated
substrate by about one filament width and wherein a
filament at a lower edge of the elongated substrate 1s
directed to a top filament position at an upper edge of
the elongated substrate through a conductive bridge.

32. The article of claim 31, wherein the superconducting
component of the filament 1s discontinuous and the ends of
the discontinuous superconductor filament are jomned by a
conductive bridge.

33. The article of claim 31, wherein the crossover bridge
comprises a composite strip comprising a normal conductor
layer and an insulating or high resistivity layer, and the
bridge 1s 1n electrical contact with the discontinuous super-
conductor filament.

34. The article of claim 33, wherein the bridge 1s bonded
to each end of the discontinuous filament.

35. The article of claim 34, wherein the bond comprises
a solder.

36. The article of claim 34, wherein the bond comprises
a weld.

37. The article of claim 31, wherein the crossover filament
1s separated from the other filament at least at the location of
crossover by an msulating or high resistivity material.

38. The article of claim 31, wherein the article comprises
about 2 to about 100 filaments.

39. The article of claim 31, wherein the space between
adjacent filaments 1s 1n the range of about 10 um to about

100 um.
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40. The article of claim 31, wherein the space between
adjacent filaments comprises an insulating or poorly con-
ductive or medium to high resistivity material.

41. The article of claim 31, wherein the filaments have a
width of about 50 to 1000 ym.

42. The article of claim 31, further comprising a cap layer
disposed over the plurality of filaments.

43. The article of claim 31, further comprising a stabilizer
layer disposed above the cap layer.

44. A method of making a multifilamentary article com-
Prising;:

providing a layer of oxide superconductor or precursor
thereof on a substrate;

treating the layer to form filaments, wherein at least one
of the filaments 1s discontinuous; and

joimning the ends of the discontinuous filament using a
conducting crossover bridge.

45. The method of claim 44, wherein the bridge comprises
a composite strip comprising a normal conductor layer and
an 1nsulating or high resistivity layer, and the bridge 1s 1n
clectrical contact with the discontinuous superconductor
f1llament.

46. The method of claim 44, wherein the bridge 1s bonded
to each end of the discontinuous filament.

4’7. The method of claim 46, wherein the bond comprises
a solder.

48. The method of claim 46, wherein the bond comprises
a weld.
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